Sulfur and nitrogen dual doped graphene have been extensively investigated in the field of oxygen reduction reaction, supercapacitors and batteries, but their magnetic and absorption performance have not been explored. Besides, the effects of doping sequence of sulfur and nitrogen atoms on the morphology, structural property and the corresponding microwave absorption performance of the dual doped graphene remain unexplored. In this work, nitrogen and sulfur dual doped graphene with different doping sequence were successfully prepared using a controllable two steps facile thermal treatment method. The first doping process played a decisive role on the morphology, crystal size, interlayer distance, doping degree and ultimately magnetic and microwave absorption properties of the dual doped graphene samples. Meanwhile, the second doping step affected the doping sites and further had a repairing or damaging effect on the final doped graphene. The dual doped graphene samples exhibited two pronounced absorption peaks which intensity was decided by the order of the doping elements. This nitrogen and sulfur dual doped graphene with controlled doping order provides a strategy for understanding of the interaction between nitrogen and sulfur as dual dopants in graphene and further acquiring microwave absorbing materials with tunable absorption bands by varying the doping sequence.
Introduction
The development of high-performance microwave absorption materials has become a recent focus due to the rapid increasing of electronic communication and the associated electromagnetic radiation which is harmful to biological systems. [1] [2] [3] Ideal microwave absorbing materials possess low thickness, low density and strong absorption over a broad frequency range are extremely favored. [4] Owing to the advantages of low density and excellent electrical and thermal conductivities, graphene and graphene based materials have been extensively explored for microwave absorption applications. [5] Through the incorporation with dielectric and magnetic materials [6] [7] [8] or doping with nitrogen, [9] [10] [11] the absorption performance of graphene can be significantly improved. The latter approach has the advantage of not compromising the light nature of graphene while improving its magnetic property and thus ameliorating the impedance match characteristic. Sulfur doped graphene has been investigated in electrocatalyst, [12, 13] sensors, [14] low temperature magnetism, [15] [16] [17] and electromagnetic shielding. [18] However, it is worth noting that the sulfur doped graphene has been scarcely explored as a potential microwave absorber. [19] As for the dual doped graphene samples such as nitrogen&boron or nitrogen&sulfur co-doped graphene, they have been used for catalyst, [20] supercapacitors, [21] Li storage, [22] glucose biosensor [23] and electrocatalysts for oxygen reduction reactions. [24] [25] [26] However, it's worth noting that their application on microwave absorption remains unexplored, and no research has been done on tuning the properties of the co-doped graphene by varying the doping sequence of doping elements.
Most recently, the concept of "plainification" has been applied in both carbon and metallic materials, which indicates tunable properties can be achieved by precise structure design without compositing with other materials. [27] [28] [29] In this work we adopt the two steps heat treatment method to synthesize the dual doped graphenes with different doping sequence of nitrogen and sulfur elements. A schematic diagram of the synthesis of dual doped graphenes is arranged in Figure 1 . The effect of different elements doping sequence on the morphological, structural, magnetic and microwave 4 / 20 absorbing properties of the dual doped graphenes were investigated.
Experimental Details

Materials
Graphene oxide (GO) powder was purchased from C6G6 Technology Co., Ltd, China. Benzyl disulfide, urea and paraffin were purchased from Sinopharm Chemical Reagent Co.,Ltd. All the reagents and materials were used without further purification.
Synthesis of nitrogen and sulfur dual doped graphene (NSrGO)
Nitrogen and sulfur dual doped graphene (NSrGO) was prepared by grinding nitrogen doped graphene-NrGO (detailed NrGO preparation is put in Supplementary Information) with benzyl disulfide (BD) at a mass ratio of 1:10 and further heat treated at 270°C and 600°C each for 1 h. NSrGO represents the GO doped first with nitrogen and subsequently with sulfur. The schematic diagram is illustrated in Figure 1 .
Synthesis of sulfur and nitrogen dual doped graphene (SNrGO)
Sulfur and nitrogen dual doped graphene (SNrGO) was prepared by grinding sulfur doped graphene SrGO (detailed preparation is explained in Supplementary Information) with urea at a mass ratio of 1:10 and further annealing at 170°C and 600°C each for 1 h. SNrGO stands for the graphene oxide doped first with sulfur and afterwards with nitrogen. with the sample at a mass ratio of 8:2, then the mixture was pressed into a standard toroidal shape (inner diameter: 3.04 mm, outer diameter: 7 mm). According to the measured S-parameters (S11, S21, S12, S22), the complex permittivity (εr) and permeability (μr) can be calculated through the NRW (Nicolson-Ross-Weir) method, [31] and the reflection loss (RL) can be calculated with electromagnetic parameters through transmission line theory [32] 
where is the speed of light in vacuum, is the frequency of the incident electromagnetic wave, is the thickness of the absorbing material, 0 is the impedance of the free space, and is the input impedance of the absorbing material.
Therefore, the closer the values of and 0 means the better impedance match, the less wave will be reflected. s
Results and Discussions
Initially, the influence of different annealing temperatures and varied GO/BD weight ratios on the morphology, structure and absorption performance of sulfur single According to the Raman results in Figure 3a , the D, G and 2D peaks are observed respectively, which are characteristic peaks of graphene materials. From the point of view of peak intensities, the SrGO and SNrGO exhibit much higher intensity and relatively narrow peaks than the NrGO and NSrGO samples. In addition, the 2D peak disappears from NrGO and NSrGO spectrum, which is a result of excessive doping in the nitrogen first doped samples. [33] The slightly blue-shift of the G peak also confirms the high doping degree of NrGO sample compared to the rest of the samples. [33] In contrast, the better preserved graphitic structure and less doping degree of SrGO and SNrGO samples account for the presence of 2D peak in their Raman spectra. Regarding the ID/IG ratio which is an indication of defects, [34] the ID/IG ratio of SrGO is much smaller than that of NrGO (also lower than that of GO and rGO, Fig.S6 The XRD patterns of the samples in the range of 7~70° are shown in Fig.3b . The 9 / 20 characteristic (001) peak completely disappears in NrGO sample but a broad (002) peak exhibits at 2θ=26.1° corresponding to a distance of 0.3426 nm (d = nλ/2 sin θ) between
NrGO layers [36] . As for SrGO, a small (001) peak is visible around 10.8°, and a relative narrow peak at 25.9° appears, implying a larger interlayer distance with respect Table 1 ). Three kinds of nitrogen configurations are elucidated from the N1s spectra of NrGO ( Fig.3d .3e) are different from the initial NrGO (Table S1 ). The percentages of 10 / 20 pyridinic-N and pyrrolic-N are decreased while graphitic-N in NSrGO has a slightly increase in comparison to NrGO ( Fig.3e and Table 1 ), indicating that sulfur is mainly introduced through the pyridinic-N and pyrrolic-N sites. Interestingly, the sulfur composition of NSrGO provided with S2p 3/2 and S2p 1/2 is quite similar to SrGO ( Fig.3h and Table 1 The magnetic property of nitrogen or sulfur single doped graphene has been widely studied in the literature [16, [38] [39] [40] , while the effect of doping sequence on magnetic property of dual doped graphene remains unexplored. The hysteresis loops of nitrogen and sulfur single doped graphene, as well as dual doped graphene with 11 / 20 different doping order are shown in Figure 4 . All the samples achieved the saturation magnetization (Ms) at 60000 Oe, and their Ms follows the order NrGO > NSrGO > SNrGO > SrGO. This order agrees with that of ID/IG ratio, while it is opposite to the crystal size order. To explain such a trend of Ms, three aspects must be considered.
The first one is related with the doping degree, according to the first principle calculation it shows that each doping atom can introduce certain magnetic moments, [41] and in general the higher of the doping degree the larger of the Ms. This is consistent with the ID/IG ratio and the XPS results. The second aspect is related to defects like The third one is their content of pyrrolic N in those samples (calculated as N/C*Pyrrolic N from Table 1 ) which plays the most important role in the contribution to magnetic moments. [11] Except for their Ms difference, the magnetic responding rates to the external field (magnetic susceptibility, expressed as the slope at the origin in Fig.4, k1 and k2) of the nitrogen first-doped graphene samples (NrGO, NSrGO) and sulfur first k2 represent the magnetic response rates of the samples to external field) at 2K.
The dielectric spectrum can provide important information about the polarization mechanism which is closely related with the microwave attenuation and absorption, thus it is an important characteristic of a microwave absorbing material. To obtain the permittivity of a material, generally, the sample is dispersed in wave-transparent material to obtain a composite; then the S-parameters of the composite can be analyzed with VNA and hereafter permittivity can be calculated from S-parameters with the NRW method. charges at the interfaces, resulting in interfacial polarization. [32, 43, 45] The good dispersibility of NSrGO make it possess more interfaces than SNrGO. Moreover, the trapped changes at the interfaces will cause the formation of large numbers of microcapacitors. All the proposed polarization processes above will contribute to the permittivity difference. With respect to the microwave absorbing performance in Figure 6 , according to our previous work, the absorption peaks of NrGO are at the range of 5~10 GHz (Fig.6a) samples), in Fig.6c-d , their RL curves tend to have two absorption peaks, the absorption peak at 5~10 GHz can be ascribed to the contribution of nitrogen doping; the absorption peak at 11~16 GHz of can be ascribed to the contribution of sulfur doping. The characteristic nitrogen peak is significantly deeper than sulfur characteristic peak in NSrGO. In contrast, the characteristic sulfur peak is clearly stronger than the nitrogen peak in SNrGO sample. In total, the absorption performance of SNrGO is superior at 
Conclusions
In this paper, we have synthesized nitrogen and sulfur dual doped graphene through facile heat treatment method. By controlling the doping elements and doping sequence, dual doped graphene with different structures and performances were acquired. The first doping stage determined the morphology, doping degree, and 15 / 20 restoration or deterioration effect to the dual doped graphene. The second doping step could further influence the doping sites of the resulted graphene, for instance, doping
NrGO with sulfur resulted in more stable graphitic-N sites in NSrGO. The nitrogen and sulfur doping contents as a function of doping order is quite different, sulfur can be introduced through the less stable nitrogen sites while nitrogen is hard to be incorporated into the graphene sheets at the second doping step. Magnetic performance of the dual doped graphene also showed that the first doping stage is dominant on deciding the ultimate magnetic property of the dual doped graphene. Similar magnetic behavior was found between NSrGO and NrGO, as well as between SNrGO and SrGO.
NSrGO and NrGO exhibited a higher Ms than SNrGO and SrGO owing to their higher doping degree and pyrrolic N content, respectively. Regarding the microwave absorption performance, the dual doped graphene displayed two typical absorption peaks (sulfur characteristic peak at 11~16 GHz and nitrogen characteristic peak at 5~10 GHz), sulfur first doped SNrGO was superior at high frequency while nitrogen first doped NSrGO was dominant at lower frequency. Overall, through modulating the doping elements and doping sequence of different elements, dual doped graphene samples with varied structure, magnetic and absorption properties were obtained, which shedding lights on the interaction between nitrogen and sulfur as co-dopants in graphene, as well as the acquisition of microwave absorbing material with tunable absorption bands by varying the doping sequence.
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